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Abstract
The target asymmetry for electroproduction of vector mesons is inves-
tigated within the handbag approach. While the generalized parton
distribution (GPD) H is taken from a previous analysis of the elctro-
production cross section, we here construct the GPD E from double
distributions and constrain it by the Pauli form factors of the nucleon,
positivity bounds and sum rules. Predictions for the target asymmetry
are given for various vector mesons and discussed how experimental
data on the asymmetry will further constrain E and what we may
learn about the angular momenta the partons carry.
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1 Introduction
The handbag approach to hard exclusive reactions which bases on factoriza-
tion into hard subprocesses and soft GPDs, attracted the interest of many
theoreticians and experimentalists in the last decade. The still poorly known
GPDs as well as the quality and scantiness of the experimental data pre-
vented definite conclusions about the applicability of the handbag approach
in the experimentally accessible region of kinematics so far. Now, the situ-
ation is changing; we are in a stage where an increasing amount of precise
data on hard exclusive reactions becomes available. The already accumulated
data from JLAB, HERMES, COMPASS and HERA as well as those to be
expected in the near future, will allow for an extraction of a wealth of quali-
tative and quantitative information on the GPDs. In a few years from now
we will likely have accumulated sufficient information on the GPDs in order
to answer the question in which range of kinematics the handbag approach
can be applied to hard exclusive reactions in a consistent way.
Here in this work, we are going to investigate the target asymmetry AUT
for electroproduction of flavor neutral vector mesons (ρ0, ω, φ) and for the
the processes ep → eρ+n and ep → eK∗0Σ+. The asymmetry is related to
the imaginary part of an interference term between the two GPDs H and E.
ProvidedH is sufficiently well-known from an analysis of, say, the unpolarized
cross section for electroproduction of vector mesons [1, 2], one may extract
information on E from data on AUT . Admittedly this is only possible in a
model-dependent way, i.e. one unavoidably has to exploit an ansatz for E
with a few free parameters which can be adjusted to experiment. Although
the data on the target asymmetry will likely suffer from large experimental
errors (cf. the recent, still preliminary HERMES result for ρ0 production [3])
we believe and are going to substantiate this hope in the following, that the
pattern of future AUT data for various vector mesons will likely render such
a determination of E feasible. Provided this program can be successfully
carried through, one may evaluate Ji’s sum rule [4] from H and E and learn
about the angular momenta the partons inside the proton possess. The
possibility of extracting information on the quark angular momenta from
AUT , at least for u and d quarks has been discussed by Ellinghaus et al [5]
first. Here in this work, we will investigate improved parameterizations of
the GPD E as compared to [5] and will also study the role of E for gluons
and strange quarks.
In the next section we will briefly sketch the handbag formalism for the
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processes of interest. In Sect. 3 we will present the model we use for the
GPD E and discuss the constraints on its parameters. Predictions for AUT
are presented and discussed in Sect. 4. Concluding remarks will be presented
in Sect. 5.
2 The handbag formalism
For the analysis of the target asymmetry for vector-meson (V ) electropro-
duction we restrict ourselves to the kinematical region of small skewness
(ξ <∼ 0.1) and small invariant momentum transfer (−t <∼ 0.5 GeV2) but large
photon virtuality (Q2>∼ 3 GeV2) and large energy in the photon-proton cen-
ter of mass frame (W >∼ 5 GeV). In this kinematical region we have already
investigated the γ∗p → V p cross sections for unpolarized protons [1, 2, 6]
and flavor neutral vector mesons and achieved very good agreement with the
available data from HERMES, Fermilab and HERA. These cross sections
are strongly dominated by contributions from the GPD H ; it is safe to ne-
glect 3 the other GPDs E, H˜ and E˜. In our previous work we calculated
the quark (γ∗q → V q) and gluon (γ∗g → V g) subprocess amplitudes within
the modified perturbative approach [7] in which quark transverse degrees of
freedom as well as Sudakov suppressions are taken into account in the sub-
process. This approach allows us to calculate not only the asymptotically
dominant (longitudinal) amplitude for γ∗Lp→ VLp but also the one for trans-
versely polarized photons and vector mesons (γ∗Tp → VTp). In contrast to
the longitudinal amplitude the latter one cannot be calculated in collinear
approximation since it suffers from infrared singularities in this limit [8, 9].
The quark transverse momenta, k⊥, provide an admittedly model-dependent
regularization scheme of these singularities by replacements of the type
1
dQ2
−→ 1
dQ2 + k2⊥
(1)
in the parton propagators. Here, d is a momentum fraction or a product of
two.
The dominant helicity amplitudes for the process γ∗p → V B are given
3We remark that in the unpolarized cross section there are no interference terms be-
tween H and the other GPDs up to corrections of order ξ2.
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by
Mµ+,µ+(V ) = e
2
{∑
a
eaCaaV 〈H〉gV µ +
∑
ab
CabV 〈H〉abV µ
}
,
Mµ−,µ+(V ) = −e
2
√−t
M +m
{∑
a
eaCaaV 〈E〉gV µ +
∑
ab
CabV 〈E〉abV µ
}
, (2)
where some simplifications, relevant for the small ξ region, have been used.
Thus, for instance, the contribution from E to the helicity non-flip amplitude,
being proportional to ξ2, is neglected. The quark flavors are denoted by a, b
while ea(b) denotes the quark charges in units of the positron charge e and
m the proton mass. Besides the proton we consider also other ground state
baryons, B, as for instance the Σ+ (with mass M). With the help of flavor
symmetry the p → B transition GPDs can be related to the proton ones
[10]. The weight factors CabV comprise the flavor structure of the mesons. The
non-zero weight factors for selected vector mesons read
C uuρ0 = −C ddρ0 = C uuω = C ddω = 1/
√
2 , C ssφ = 1 ,
C udρ+ = 1 , C dsK∗0 = 1 , (3)
The explicit helicities in (2) refer to the proton while µ is the helicity
of the photon and the meson. Only the t dependence of the GPDs is taken
into account in the amplitudes (2). That of the subprocess amplitudes H
provides corrections of order t/Q2 which we neglect throughout this paper.
In contrast to the subprocess amplitudes the t dependence of the GPDs is
scaled by a soft parameter, actually by the slope of the diffraction peak. It
can be shown [1] that in addition to the familiar parity-invariance relation
the following symmetry relation
M−µν′,−µν = Mµν′,µν (4)
holds among the helicity amplitudes (2). Helicity flips in the γ∗ → V transi-
tion have to be generated within the subprocess. Hence, amplitudes involving
such helicity flips are suppressed by powers of
√−t/Q and consequently ne-
glected.
The terms 〈F 〉 denote convolutions of subprocess amplitudes and a GPD
F (= H,E). For the gluonic subprocess the convolutions read
〈F 〉gV µ =
∑
λ
∫ 1
0
dx¯HV gµλ,µλ(x¯, ξ, Q2, t = 0)F g(x¯, ξ, t) , (5)
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where the label λ refers to the helicities of the partons participating in the
subprocess. The subprocess amplitudes H are discussed in great detail in
Ref. [1]. We refrain from repeating the lengthy expressions here. For the
quark subprocesses we have
〈F 〉abV µ =
∑
λ
∫ 1
−1
dx¯HV abµλ,µλ(x¯, ξ, Q2, t = 0)F ab(x¯, ξ, t) . (6)
The quark GPDs for the proton and the p→ n and p→ Σ+ transitions are
F aa = F a , F ab = F a − F b (a 6= b) . (7)
Since the resummation of the logarithms involved in the Sudakov factor
can only be performed in the impact parameter space efficiently [7] we quote
the subprocess amplitudes in that space
HV abµλ,µλ =
∫
dτd2b ΨˆV µ(τ,−b) Fˆabµλ,µλ(x¯, ξ, τ, Q2,b)
×αs(µR) exp[−S(τ,b, Q2)] . (8)
For the Sudakov factor S, the choice of the renormalization (µR) and factor-
ization (µF ) scales as well as the hard scattering kernels Fˆ or their respective
Fourier transforms F , we refer to Ref. [6]. In order to generalize to the case
of flavored mesons the following replacements in quark propagators occuring
in F have to be made
Ts −→ eaTs , Tu −→ ebTu . (9)
The last item in (8) to be explained is ΨˆV µ, the Fourier transform of the
momentum-space light-cone wave function for the vector meson. It is pa-
rameterized as a simple Gaussian (j = L, T )
ΨV j(τ,k⊥) = 8pi
2
√
2NcfV j(µF )a
2
V j
[
1 +BV j1 (µF )C
3/2
1 (2τ − 1)
+ BV j2 (µF )C
3/2
2 (2τ − 1)
]
exp[−a2V jk2⊥/(τ τ¯ )] . (10)
The parameters of the ρ and φ wave functions are specified in [6]. The
decay constants of longitudinally polarized ω and K∗0 mesons are 187 and
218 MeV, respectively. For the ratio of fV T and fV L we take the QCD sum
rule value of ≃ 0.8 at the scale of 1 GeV [11]. The Gegenbauer coefficients
BV j1 are zero for all vector mesons except for the K
∗0 for which the values 0
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and 0.1 are chosen. For the second Gegenbauer coefficients we take BV L2 = 0
and BV T2 = 0.1. All values of the Gegenbauer coefficients which are quoted
at the scale 1 GeV, are in agreement with recent QCD sum rule analyses
[11, 12], only BV L2 is slightly smaller even with regard of the errors of the
QCD sum rule results quoted in [11]. The evolution of the decay constants
for transversely polarized vector mesons as well as that of the Gegenbauer
coefficients with the factorization scale [13] is taken into account. Finally, for
the transverse size parameters we take the values aωj = aK∗0j = aρ+j = aρ0j .
The values of the latter parameters as well as those for the φ meson can be
found in [6]. We note in passing that Gaussian wave functions of the type
(10) are frequently used in phenomenology.
There is a minimal value of −t allowed in the process of interest
tmin = − 2ξ
1 − ξ2 [(1 + ξ)M
2 − (1− ξ)m2] . (11)
Given the smallness of the Σ+-p mass difference tmin is small in all cases,
practically of order ξ2 and is therefore neglected as other effects of this order.
We note that our helicities are light-cone ones which naturally occur in the
handbag approach. The differences to the usual c.m.s. helicities are of order
m
√−t/W 2 [14] and can be ignored in the kinematical region of interest in
this work. Skewness is related to Bjorken-x, xBj, by
ξ ≃ xBj
2− xBj
[
1 +m2V /Q
2
]
, (12)
where mV denotes the mass of the vector meson. The helicity amplitudes
are normalized such that the partial cross sections for γ∗L(T )p→ VL(T )p read
(Λ is the usual Mandelstam function)
dσL(T )
dt
=
1
16pi(W 2 −m2)
√
Λ(W 2,−Q2, m2)
∑
ν′
|M0(+)ν′,0(+)+|2 , (13)
which holds with regard to the above-mentioned simplifications. For most of
the processes of interest the proton helicity flip amplitude can be neglected
in (13); the only exception is the ρ+ channel. The cross sections, integrated
upon t, are denoted by σL and σT . The full (un-separated) cross section for
γ∗p→ V p is
σ = σT + εσL , (14)
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in which ε is the familiar ratio of longitudinal to transverse photon fluxes.
The power corrections of kinematical origin included in Eq. (12) and in the
phase space factor (13) are taken into account by us. With the exception of
these kinematical effects hadron masses are omitted otherwise.
Following the conventions specified in [15] (see also [16]) the target asym-
metry for γ∗p→ V B reads
AUT = −2
Im[M∗+−,++M++,++] + ε Im[M∗0−,0+M0+,0+]∑
ν′
[
| M+ν′,++ |2 +ε | M0ν′,0+ |2
] . (15)
It is is measured as the sin(φ − φS) moment of the cross section for elec-
troproduction of vector meson with a transversally polarized proton target
where φ is the azimuthal angle between the lepton and hadron plane and
φS the azimuthal angle of the target spin vector defined with respect to the
lepton plane [15].
3 Modeling E
3.1 Valence quarks
Not much is known about E as yet. Some information on it comes from
the zero-skewness analysis [17] of the Pauli form factor of the nucleon. This
electromagnetic form factor is odd under charge conjugation and therefore
only sensitive to valence quarks (qval = q − q¯). The forward limit t = ξ = 0
of Eval is parameterized like that of H , i.e. the familiar parton distribution
functions (PDFs),
eaval(x) = E
a
val(x, ξ = 0, t = 0)
=
Γ(2− αval + βaval)
Γ(1− αval)Γ(1 + βaval)
κa x
−αval(0) (1− x)β aval . (16)
The moments of eaval read
4
eavn0 =
∫ 1
0
dxxn−1eaval(x) = κa
Γ(2− αval + β aval)
Γ(1 + n− αval + β aval)
Γ(n− αval)
Γ(1− αval) . (17)
4Generally the forward limit of a GPD F is defined as fa(x) = F a(x, ξ = 0, t = 0)
for quarks and xfg(x) = F g(x, ξ = 0, t = 0) for gluons (x ≥ 0). The n-th moment of f i
(i = a, g) is defined as f in0 =
∫
1
0
dxxn−1f i(x). This definition holds for antiquarks too.
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As can be seen from this expression the pre-factor in (16) ensures the nor-
malization
eav10 = κa , (18)
where κa is the contribution of flavor-a quarks to the anomalous magnetic
moment of the proton (κu ≃ 1.67, κd ≃ −2.03). The forward limit (16) of E
can be used as input to the familiar double distribution ansatz [18]
f aval(β, α, t) = e
b evalt β−α
′
val t eaval(β)
3
4
[(1− β)2 − α2]
(1− β)3 Θ(β) . (19)
The GPD is subsequently obtained from the integral
Eaval(x¯, ξ, t) =
∫ 1
−1
dβ
∫ 1−|β|
−1+|β|
dα δ(β + ξα− x¯) f aval(β, α, t) . (20)
The t dependence in (19) is a small-t simplification of the more complicated
profile function used in [17]. αval(t) = αval(0) + α
′
valt is a standard Regge
trajectory for which we take the numerical values αval(0) = 0.48 and α
′
val =
0.9 GeV−2 and b eval is a parameter that describes the t dependence of the
Regge residue. In accord with [6] we take b eval = 0. Possible dependencies
of the Regge trajectory and b eval on the quark flavor is ignored by us. In the
form factor analysis performed in [17] for instance a value of 0.38 GeV−2 for
b eval has been found for u-valence and −0.75 GeV−2 for d-valence quarks. Our
value may be viewed as a rough average of these values.
In Ref. [17] the powers β aval have been determined. The best fit values
which hold at a scale of Q0 = 2GeV, are
β uval = 4 , β
d
val = 5.6 . (21)
However, βuval can be varied between 4 and 6, β
d
val between 5 and 6 and still
reasonable fits of the Pauli form factors are achieved 5. These parameter
regions are taken into account in our error assessment to be discussed below.
Fits with β uval substantially larger than β
d
val lead to results of lesser, just
tolerable quality.
5The analysis of the Pauli form factor suffers from the large number of free parame-
ters. In contrast to the analysis of the Dirac form factor the forward limit e a
val
has to be
determined as well. Hence, not all parameters can be freed in the fits to the Pauli form
factors.
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There is a remarkable feature of the parameterization (16). With the help
of (17) one can write the ratio of sum and difference of the second moments
as
euv20 + e
dv
20
euv20 − euv20
=
κu + κd
κu − κd
1 + κu
κu+κd
β dval−β
u
val
2−αval+β
u
val
1 + κu
κu−κd
β d
val
−β u
val
2−αval+β
u
val
. (22)
This expression tells us that for β dval > β
u
val this combination of moments is
smaller than the corresponding ratio of the first moments
κu + κd
κu − κd = −0.097 . (23)
On the other hand, for β uval > β
d
val (22) is larger than (23). Note that in the
chiral soliton model one finds euv20 + e
dv
20 = 0 in the large-Nc limit [19]. In the
limit of an infinitely large factorization scale QCD predicts
∑
a e
a
20 = 0 as Ji
showed [20]. These two results support to some extent the findings of Ref.
[17] that the Pauli form factor favors β dval ≥ β uval. Finally we remark that
Eaval constructed from e
a
val through the double distribution ansatz (19), (20),
respects the inequalities which ensure the positivity of the quark densities
for various combinations of proton and quark spins [17, 21, 22].
3.2 Gluons and sea quarks
In order to model E for gluons and sea quarks we follow Diehl and Kugler
[16] and have recourse to positivity bounds and to a sum rule that follows
from a combination of Ji’s sum rule [4] and the momentum sum rule known
from deep inelastic lepton-nucleon scattering
eg20 = −
∑
a
eav20 − 2
∑
a
ea¯20 . (24)
For obvious reasons we split the quark GPDs into valence and sea quark
contributions (using E q¯(x, ξ, t) = −Eq(−x, ξ, t)). As we discussed in the
Sect. 3.1 the analysis of the Pauli form factor favors a very small value of
the valence quark term in (24). Thus, the gluon and sea quark moments
have to cancel each other almost completely. Assuming in analogy to the
situation forH , small sea quark contributions, we have to conclude from these
considerations that the gluon moment at t = 0 is very small, in fact smaller
than the individual valence quark moments. Another argument that points
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into the same direction comes from the Regge behaviour of Eg. As is well-
known the familiar soft Pomeron exchange dominantly couples to the proton
helicity non-flip vertex while its flip coupling is very small. In fact, it is hard
to find convincing evidence for a non-zero flip coupling phenomenologically
[23]. Supposing that this behavior also holds for the hard gluonic Regge
exchange controlling Hg and Eg at low-x, we are forced to infer that Eg ≃ 0.
Thus, the relative importance of gluon and valence quark GPDs are likely
very different for E and H for which Hg is large. On account of this one may
neglect E for gluons and sea quarks in a first attempt and estimate AUT and
spin density matrix elements (SDMEs) for a transversely polarized proton
target just from Eaval.
In order to elucidate the role of Eg and Esea in more detail we also study
scenarios for which these GPDs are non-zero. Again we employ the dou-
ble distribution ansatz for them 6. The corresponding forward limits are
parameterized in analogy to (16)
es = Nsx
−1−δ (1− x)βs ,
eg = Ngx
−1−δ (1− x)βg , (25)
For simplicity a flavor symmetric sea is assumed. The low-x behavior of both
these GPDs is assumed to be controlled by the gluon trajectory for which we
use δ = 0.1 + 0.06 ln (Q2/Q20) and α
′
g = 0.15 GeV
−2 for its slope. The gluon
trajectory has been fixed in our analysis of the cross sections for ρ0 and φ
electroproduction [2, 6].
Further help in fixing the gluon and sea quark GPD comes from the
positivity bounds. For an exponential t dependence of the corresponding
double distributions with profile functions gi(x) for E
i and fi(x) for H
i [2, 6]
(cf. (19))
gs = gg = α
′
g ln 1/x+ b
e
g ,
fs = fg = α
′
g ln 1/x+ bg , (26)
one finds the following bounds [17][
es(x)
s(x)
]2
≤ 21.75m2
[
gs(x)
fs(x)
]3 [
fs(x)− gs(x)
]
,[
eg(x)
g(x)
]2
≤ 21.75m2
[
gg(x)
fg(x)
]3 [
fg(x)− gg(x)
]
. (27)
6PossibleD terms [24] in E are identical to those occuring inH where we have neglected
them [1, 2] and, therefore, in E too.
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These bounds ensure positive semi-definite densities of partons in the trans-
verse plane [22]. Contributions from the polarized PDFs are neglected in (27)
which appears reasonable for not too large values of x since there is growing
experimental evidence that ∆g and ∆s are very small in that region of x,
see for instance [25, 26]. Inserting the profile functions (26) into the bounds
(27), we find (i = s, g)
βi ≥ 6 , b eg < bg . (28)
The present data do not provide any other information on b eg . We therefore
follow [16] and assume b eg = 0.9bg. The parameter bg is taken from our
previous work [2, 6]. It has the value
bg = 2.58 GeV
−2 + 0.25 GeV−2 ln [m2/(Q2 +m2)] . (29)
The restriction of βi guarantees the dominance of the valence quarks at large
x.
We investigate the following variants of E (see Tab. 1): Besides our de-
fault case, the variant 1, with the powers (21) and Eg ≃ Es ≃ 0 we try three
more examples: For variant 2 (with Ns > 0) and 3 (with Ns < 0) we choose
β s = 7 and | N s | as large as the bound (27) allows. In fact its saturation
occurs at x ≃ 0.1. For these variants we choose β g = 6 and fix Ng by (24).
Variant 4 is an extreme case for which we assume a large value of β uval and
a small value of β dval. For this choice the Pauli form factor of the proton is
still fitted although with a low quality 7. The valence quarks now contribute
substantially to the sum rule (24). We assume Es = 0 for this variant, take
β g = 7 and fix Ng by (24) again. One may also consider a variant where
E for the valence quarks is the same as for variant 4 but trying to saturate
the sum rule (24) solely by the sea quarks. However, this would require a
very large sea-quark GPD which violates the positivity bound (27). Finally
we investigate the case β uval = β
d
val = 6 and saturate the sum rule (24) either
by the gluon (variant 5) or by the sea quarks (variant 6). In Tab. 1 the pa-
rameters of the six variants are compiled. It is to be emphasized that for all
variants we consider the gluonic GPD Eg is far below the bound (27) since
the gluon PDF g(x) is very large.
7The JLab measurement E02-13 of the electric form factor of the neutron for Q2 up to
3.5 GeV2 will tell us whether or not the choice βu
val
> βd
val
is realistic. The data are not
yet available.
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var. β uval β
d
val β
g βs Ng Ns J
u Jd Js Jg
1 4 5.6 - - 0.000 0.000 0.250 0.020 0.015 0.214
2 4 5.6 6 7 -0.873 0.155 0.276 0.046 0.041 0.132
3 4 5.6 6 7 0.776 -0.155 0.225 -0.005 -0.011 0.286
4 10 5 7 - 0.523 0.000 0.209 0.013 0.015 0.257
5 6 6 7 - 0.167 0.000 0.230 0.024 0.015 0.228
6 6 6 - 7 0.000 0.025 0.234 0.028 0.019 0.214
Table 1: The parameters of the forward limits of the GPD E and the angular
momentum the various partons carry. α = 0.48 throughout. The parameters
and the angular momenta are quoted at a scale of 2 GeV.
3.3 Parton angular momenta
In Tab. 1 we also quote the angular momenta of the quarks and the gluons
evaluated from Ji’s sum rule [4]
〈Ja〉 = 1
2
[
eav20 + h
av
20
]
+ ea¯20 + h
a¯
20 ,
〈Jg〉 = 1
2
[
eg20 + h
g
20
]
. (30)
The second moments of H at ξ = t = 0 are evaluated from the CTEQ6 PDFs
[27]. The following values have been obtained:
huv20 = 0.288 , h
dv
20 = 0.118 , h
g
20 = 0.428 ,
hu¯20 = 0.028 , h
d¯
20 = 0.035 , h
s
20 = 0.015 , (31)
at a scale of 2 GeV. Note that 〈Ja〉 is the average three-component of the
angular momentum quarks of flavor a and their antiquarks carry. The an-
gular momenta of the various partons do not sum exactly to 1/2, the spin
of the proton, since the moments quoted in (31) do not exactly saturate
the momentum sum rule of deep inelastic lepton-nucleon scattering (actually∑
i h
i
20 = 0.990) because of the neglected charm distribution. The values
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quoted in Tab. 1 reveal a characteristic pattern: for all the variants we in-
vestigate the angular momenta of the u quarks and the gluon are large while
those of the d and s quarks are small. Hence, the spin of the proton is
essentially made up by the angular momenta of the u quarks and the glu-
ons. In Ref. [17] further solutions for Euval and E
d
val are given which are also
compatible with the data on the Pauli form factor of the proton. These
solutions, completed if necessary by Eg and/or Es in the same fashion as
we constructed the variants quoted in Tab. 1, provide results for the angu-
lar momenta which lie between the extreme values of the variants shown in
the table. The present theoretical uncertainties of the angular momenta are
indicated by the spread of the values for J i quoted in Tab. 1.
The angular momenta of the valence quarks are
〈Juv〉 = 0.222 , 〈Jdv〉 = −0.015 , (32)
for the variants 1,2 and 3. Slightly different values are obtained for the
other variants. These values agree well with those derived in [17] within
the errors estimated in the latter work. The largest deviation occurs for
variant 4 for which the angular momenta of the valence quarks are about 1.5
standard deviations smaller than the results found in [17] (〈Juv〉 = 0.211(17),
〈Jdv〉 = 0.000(19)). In Ref. [28] the angular momenta of u and d quarks have
been calculated from lattice QCD using domain wall valence quarks and
improved staggered sea quarks in heavy quark scenarios. After extrapolation
to the physical value of the pion mass they obtain
〈Ju〉 = 0.214(27) , 〈Jd〉 = −0.001(27) . (33)
It should be stressed that these results are rather to be interpreted as the
angular momenta of the valence quarks although after the extrapolation they
may contain sea quark effects. Obviously, our values for the valence quarks
agree with the lattice results. The angular momenta of the gluons have been
estimated using QCD sum rules [29] and a quark model [30]. The values
found (〈Jg〉 ≃ 0.25 [29] and ≃ 0.24 [30] at the respective low scales of 1 and
0.5 GeV, lie within the range of results quoted in Tab. 1 even though on the
side of larger values.
The orbital angular momentum of the partons may be obtained from (30)
by subtracting the corresponding first moments of H˜. In Ref. [31] (scenario
1, NLO) the moments of the polarized valence quarks PDFs are evaluated to
h˜uv10 = 0.926 , h˜
dv
10 = −0.341 , (34)
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at the scale of 2 GeV. Just for orientation we quote the values of the orbital
angular momenta of the valence quarks for variants 1,2 and 3 at our default
scale
〈Luv〉 ≃ −0.241 , 〈Ldv〉 ≃ 0.155 . (35)
In the analysis of Ref. [31] the first moment of the polarized gluon distribu-
tion, x∆g(x), is subject to huge errors and cannot be used here. Because
of the smallness of x∆g(x) at least for small x [25, 26] we expect h˜g10 ≃ 0
and, hence, 〈Lg〉 ≃ 〈Jg〉. We note in passing that in a recent analysis of the
polarized PDFs [32] a gluon moment h˜g10 has been found that is compatible
with zero at least at the scale of 3.16 GeV.
4 Discussion of the results on AUT
Having specified various variants of the GPD E and taking H from [2] we
are in the position to evaluate AUT for electroproduction of various vector
mesons. Of course we also obtain results for the cross sections (separated
and unseparated). In [2, 6] we have already compared the predictions for
the cross sections with experiment in great detail for the cases of ρ0 and
φ production and found generally excellent agreement with the data from
HERMES, HERA and FNAL in a large range of kinematics. Predictions for
the unseparated integrated cross sections for ω, ρ+ andK∗0 electroproduction
are shown in Fig. 1 where, for comparison, also results for ρ0 production are
displayed. The theoretical uncertainties of our results for the cross sections
are estimated from the Hessian errors of the CTEQ6 PDFs, cf. the discussion
in [2, 6]. Due to neglected power corrections of order m2/Q2 and −t/Q2 and
the possibility of large higher order perturbative QCD corrections [16, 33] we
do not provide results for Q2 < 3 GeV2.
The cross sections for ρ0, φ and ω production increase with energy at fixed
Q2 due to considerable contributions from the gluonic subprocess γ∗g → V g
which grow ∝ W 4δ(Q2) for ξ → 0. This behaviour is to be contrasted with
the cross sections for γ∗p → K∗0Σ+ and γ∗p → ρ+p to which the gluons
do not contribute. These cross sections are predicted to shrink with energy
since the dominant valence quark contributions lead to σ ∝ W 4(αval(0)−1) for
ξ → 0. The shrinkage is milder for K∗0 than for the ρ+ channel due to the
strange quark contribution which has the same energy dependence as the
gluon one. Lack of data for these two processes prevent the verification of
our results as yet. It would be very interesting to learn whether the adopted
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Figure 1: The integrated cross section for vector-meson electroproduction at
W = 5 (left) and 10 GeV (right). The solid (dashed, dotted, dash-dotted)
line represents the results evaluated from variant 1 for ω (K∗0, ρ+, ρ0) pro-
duction. The shaded bands indicate the theoretical uncertainties of our pre-
dictions. For the K∗0 wave functions the Gegenbauer coefficients B
K∗0L(T )
1
are taken to be zero.
Q2-independent intercept of the valence quark Regge trajectory is indeed
required by experiment.
In Fig. 2 we show the predictions for AUT for ρ
0 production atW = 5 GeV
integrated upon 0 ≤ −t ≤ 0.5 GeV2 (t ≃ t′ at small skewness) and versus t
at Q2 = 3 GeV2. The uncertainties of our results follow from those of the
CTEQ6 PDFs and the parametric errors of the GPD E. Note that the vari-
ants 2 and 3 are very similar to the default variant 1, i.e. the sea and gluon
contributions cancel each other to a large extent. The results obtained with
variants 5 and 6 also lie within the error bands but are not shown here and in
the following for better legibility of the figures. Only variant 4 exhibits a dis-
tinctively different behaviour - AUT is now positive. Our predictions obtained
from the various variants agree with preliminary data from HERMES [3].
Even variant 4 is not ruled out given the experimental and theoretical errors.
HERMES also provides AUT separately for longitudinally and transversally
polarized photons: AUT (ρ
0
L) = 0.04 ± 0.12 and AUT (ρ0T ) = −0.08 ± 0.10 at
W = 5 GeV and Q2 = 3.07 GeV2. We find AUT (ρ
0
L) ≃ AUT (ρ0T ) = −0.020
for the default variant. Although there is agreement within errors we stress
that the same sign is obtained for both these observables. The origin of this
fact can be traced back to the smallness of the phases between the transverse
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Figure 2: The asymmetry AUT for ρ
0 production versus Q2, integrated upon
t, (left) and versus t′ atQ2 = 3 GeV2 (right) at an energy of 5 GeV. The solid
(dashed, dotted, dash-dotted) line represents the results for variant 1 (2, 3,
4). The shaded band indicates the theoretical uncertainty of the predictions
for variant 1. The other variants have similar uncertainties. Preliminary
data are taken from HERMES [3], the t dependent ones are at Q2 = 2 GeV2.
and longitudinal amplitudes, about 3 degrees, for both proton helicity flip
and non-flip. Consequences of this feature of our handbag approach for the
spin density matrix elements of the ρ0 meson have been discussed in [6]. In
trend the predicted t dependence is in agreement with the preliminary HER-
MES data [3] which are measured at the admittedly low value 8 of 2 GeV2
for Q2.
The target asymmetry for ω and ρ+ production at the same energy is
shown in Fig. 3. For ω production AUT behaves similar to that for ρ
0 pro-
duction except that it is about a factor of 5 larger in absolute value. This
comes about from the flavor weigth factors (3) for the dominant valence
quark contributions
Mµ−,µ+(ρ0) ∼ 〈euEuval − edEdval〉 Mµ−,µ+(ω) ∼ 〈euEuval + edEdval〉 . (36)
With Euval ≃ −Edval as is indicated by the anomalous magnetic moments of the
8We stress that in principle AUT can also be calculated at Q
2 lower than say 3 GeV2.
The trends of AUT to be seen from the figures, simply propagate down to smallerQ
2. What
prevents us from doing so is the fact that the theoretical uncertainties of the predictions
are not under control at low Q2 because of the neglected power and higher order QCD
corrections.
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quarks, κa, which fix the normalization of E
a
val, and corresponding effects in
the non-flip amplitudes the enhancement of AUT (ω) over AUT (ρ
0) in absolute
value is evident.
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Figure 3: As in Fig. 2 but for ω (left) and ρ+ production (right).
For ρ+ production only u and d quark GPDs contribute. In fact they
occur in the combination
F u − F d ≃ F uval − F dval (37)
where F is either H or E. The sea quark contributions cancel to a large
extent in the difference at small ξ (cf. the discussion in [2]). Therefore the
variants 1, 2 and 3 fall together for this channel. Since 0 < Hdval < H
u
val and
Euval ≃ −Edval it is evident that the proton helicity-flip amplitude is large in
this case and leads to a very large AUT (ρ
+), see Fig. 3.
Another interesting case is K∗0 production. Neither the gluonic GPDs
contribute nor those for u quarks; only the difference F d − F s occurs. As
a consequence the cross section is very small. On the other hand, AUT is
rather large in absolute value. This can be seen from Fig. 4 where we also
display results obtained from variant 1 but using the value 0.1 for the first
Gegenbauer coefficient, BK
∗0L(T )
1 , of the K
∗0 wave function instead of zero as
employed for the other cases. The dependence on the Gegenbauer coefficient
is mild. Since the sea in E is assumed to be flavor symmetric the results for
variants 1, 2 and 3 fall together.
We do not display results for φ production. They are tiny, typically less
than 0.005 in absolute value and for the default variant even zero. The theo-
retical uncertainties of our predictions for AUT (φ) are estimated to amount to
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Figure 4: The target asymmetry for K∗0 production at W = 5 GeV.
The solid (dash-dotted) line represents our results for variant 1 (4) using
B
K∗0L(T )
1 = 0. The dot-dot-dashed line are the results evaluated from variant
1 with B
K∗0L(T )
1 = 0.1.
about 0.01. The small values of AUT (φ) is not a surprise given the smallness
of the contributions from Eg and Es and their partial cancellations for vari-
ants 2 and 3. A preliminary HERMES result [34] of AUT (φ) = −0.05± 0.12
at W ≃ 4.5 GeV and Q2 = 1.9 GeV2 is compatible with our results in trend
although the experimental error is too large for permitting any conclusion.
The preliminary HERMES results [34] on AUT (φ) for either longitudinally
or transversally polarized photons are also compatible with zero within large
errors.
The t dependence of AUT for the processes of interest, evaluated from
variant 1 at W = 5 GeV and Q2 = 3 GeV2 is shown in Fig. 5. While for
ω and K∗0 production it is similar to that of the ρ0 case (see Fig. 2) it is
quite different for ρ+ production. This fact is a consequence of the large
proton helicity flip amplitude in the latter case. It provides a substantial
contribution to the cross section growing ∝ t′, see Eq. (2). Therefore, the t
dependence of AUT (ρ
+) is not approximately given by the factor
√−t′/2m
as for the other vector mesons. In Fig. 5 we also show the t-integrated
AUT at W = 10 GeV, again evaluated from variant 1. The observed energy
dependence is understandable considering the Regge behaviour of the various
GPDs at low ξ.
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Figure 5: The asymmetry AUT for various vector mesons versus t
′ at W =
5 GeV and Q2 = 3 GeV2 (left) and versus Q2 at W = 10 GeV integrated
upon t′ (right), evaluated from variant 1. For notations refer to Fig. 1.
Before closing this section a few comments are in order. Frequently it is
assumed that calculations to leading-twist accuracy of ratios like AUT (see
for instance [16, 19, 35]) might provide realistic estimates despite possible
failures with the normalizations of the cross sections. This supposition relies
on the assumption of a common K-factor for all amplitudes. In the modi-
fied perturbative approach which we are employing in the calculation of the
subprocess amplitudes, this is however not the case with the exception of ρ0
and φ production (see [6]). The most extreme example is ω production for
which the leading-twist result is about a factor of 2 larger in absolute value
than our result shown in Fig. 3.
COMPASS is using a transversally polarized deuteron target for electro-
production of flavor-neutral vector mesons. Suppose the kinematics is chosen
in such a way that the incoherent sum of proton and neutron scattering is es-
sentially measured 9. In this situation and regarding that, at W ≃ 10 GeV,
the unpolarized cross sections for a proton and neutron target are about
equal (the gluonic contribution dominates, see [2]) one has
AUT (V
0d) ≃ 1
2
[AUT (V
0p) + AUT (V
0n)] , (38)
for V 0 = ρ0, ω, φ. Since the GPD E is dominated by valence quarks with
Euval ≃ −Edval as we repeatedly mentioned, one can readily see that AUT (V 0d)
9This may require large Q2, see for instance [36].
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is approximately zero. This result is in agreement with preliminary COM-
PASS data on ρ0 production [37]. The treatment of coherent scattering is
beyond the scope ot the present article.
Recently the SDME formalism has been developed [38] for the case of
a proton target polarized perpendicular with respect to the hadron plane.
These SDMEs are denoted by nσσ
′
µµ′ and related to bilinear combinations of the
amplitudes for helicities µ, µ′ and σ, σ′ of the virtual photon and the meson,
respectively. Taking into account the amplitudes (2) only the SDMEs n0000,
n++++ and n
0+
0+ are non-zero. The first two are just AUT for longitudinally and
transversally polarized virtual photons, respectively. Their sum n++++ + εn
00
00
is the unseparated target asymmetry that we discussed above in great detail.
These two SDMEs do therefore not provide any new information in constrast
to n0+0+ which is defined by
n0+0+ = −(n+0+0)∗ =
2
NT + εNL
[
MN0−,0+MN∗++,++ −MN0+,0+MN∗+−,++
]
, (39)
and for which we show results for ω and K∗0 production in Fig. 4. Results
for ρ0 production can be found in [6].
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Figure 6: left: Left: The SDME Imn0+0+, integrated upon t, for ω (left) and
K∗0 (right) production versus Q2 atW = 5 GeV. For notations refer to Figs.
2 and 4.
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5 Concluding remarks
In this study we have investigated the target asymmetry for electroproduc-
tion of various vector mesons within the handbag approach. The hard sub-
process amplitudes have been calculated employing the modified perturbative
approach in which quark transverse degrees of freedom and Sudakov suppres-
sions are taken into account. The GPDs are constructed from their forward
limits combined with reggeized t dependences with the help of double distri-
butions. The GPD H in particular has been modelled in our previous work
[1, 2, 6] and shown to provide very good fits of the data on the longitudinal
and transverse cross sections for ρ0 and φ production in a large kinemat-
ical region. Here in this work we have taken H which controls the proton
helicity-non-flip amplitude for small skewness, as given and have concentrated
ourselves on the construction of E. This GPD builds up the proton helicity-
flip amplitude required for the calculation of AUT . As H it is constructed
from double distributions and is constrained by the Pauli form factors of the
nucleon, positivity bound and the sum rule (24). It turns out that for all
variants we consider E is dominated by the valence quarks. This feature of
E is to be contrasted with the behaviour of its counterpart H for which the
gluons play the most prominent role for not too large momentum fractions.
The present experimental and theoretical knowledge does not allow to fix
E uniquely. Therefore, we have considered a number of variants from which
we have evaluated AUT . It turns out that a particular pattern is obtained
for it. The sign and size of AUT is characteristic of the flavor nature of
the respective vector meson. Hence, experimental data on AUT for various
vector mesons even if they are not very precise, may allow for a verification
of the basic features of E like the prominent role of the valence quarks,
and perhaps constrain its parameters tighter than it is actually the case.
The present still preliminary data from HERMES, measured at rather small
values of Q2, are fully consistent with our predictions. Since on the other
hand they suffer from large errors they do not rule out any of the variants
we presented, only the extreme variant 4 is slightly disfavored. Better data
on AUT for Q
2>∼ 3 GeV2 are mandatory for a more accurate determination
of E. Such data may be provided by HERMES and COMPASS and perhaps
from experiments performed at the upgraded JLab (see [39]).
From the forward limits of H and E we have evaluated the angular mo-
menta of the partons by means of Ji’s sum rule. We have found for them a
characteristic stable pattern which seems to be very hard to change drasti-
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cally within the approach we advocated for. The spin of the proton is mainly
built up by the u quarks and the gluons with only minor contributions from
d and s ones. The connection between AUT and the parton angular momenta
seems to be quite general and does not strongly depend on a particular model
for the GPDs which provide the link between these two quantities. Suppose
the GPDs are smooth functions with no zeros except possibly at the end-
points. The convolution of the GPD with the propagators which build up
the amplitudes should then show the same trend in size as the second moment
of the GPD E, i.e. the contribution of E to Ji’s sum rule. Moreover, with the
exception of the ρ0 case the t dependence of AUT is dominated by the trivial
factor
√−t/2m (see Eq. (2)) whose appearance is a consequence of angular
momentum conservation. This implies that to a good approximation, AUT
provides information on E at t ≃ 0. In reality flavor decomposition of E
matters and renders the analysis more difficult.
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